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Hard X-Ray Spectrum from West Lobe of Radio Galaxy Fornax A 

Observed with Suzaku 
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Abstract 

An observation of the West lobe of radio galaxy Fornax A (NGC 1316) with Suzaku is reported. Since 
Fcigelson et al. (1995) and Kaneda et al. (1995) discovered the cosmic microwave background boosted 
inverse-Comptonized (IC) X-rays from the radio lobe, the magnetic field and electron energy density in 
the lobes have been estimated under the assumption that a single component of the rclativistic electrons 
generates both the IC X-rays and the synchrotron radio emission. However, electrons generating the 
observed IC X-rays in the 1-10 keV band do not possess sufficient energy to radiate the observed 
synchrotron radio emission under the estimated magnetic field of a few fj,G. On the basis of observations 
made with Suzaku, we show in the present paper that a 0.7 - 20 keV spectrum is well described by a single 
power-law model with an energy index of 0.68 and a flux density of 0.12 ±0.01 nJy at 1 keV from the West 
lobe. The derived multiwavelength spectrum strongly suggests that a single electron energy distribution 
over a Lorentz factor 7 = 300 — 90000 is responsible for generating both the X-ray and radio emissions. 
The derived physical quantities arc not only consistent with those reported for the West lobe, but are also 
in very good agreement with those reported for the East lobe. 

Key words: X-ray: Individual (Radio Galaxy, Radio Lobe, Fornax A) — X-ray: active galactic 
nuclei acceleration of particles — Radio: Individual (Radio Galaxy, Radio Lobe, Fornax A) — radiation 
mechanisms: non-thermal — inverse Compton scattering 



1. Introduction 

Cosmic jets of active galactic nuclei (AGNs) are signifi- 
cant kinetic energy channels from supermassive blackholcs 
to intergalactic space. Some bulk flows release their entire 
kinetic energy into expanding radio lobes, which can be 
regarded as calorimeters for AGN outflows. The injected 
kinetic energy is thought to be turned into internal energy 
of plasma and induced magnetic field energy in the lobes. 
Although the energy densities of electrons and magnetic 
fields are often estimated assuming equipartition between 
the electron and magnetic fields, recent X-ray and radio 
imaging spectroscopy techniques have provided a way to 
resolve the two physical quantities without relying on this 
assumption. 

From observations of the radio galaxy Fornax A 
(NGC 1316) with ASCA and ROSAT, it was first discov- 
ered that the radio lobes generate inverse-Compton (IC) 
X-rays as well as a synchrotron radio emission. It was 
concluded that the IC X-rays were generated from the cos- 
mic microwave background (CMB) photons (Kaneda et al. 
1995; Feigelson et al. 1995), as has long been suspected 
(e.g. Harris & Grindlay 1979). Following this discovery, 
through X-ray imaging spectroscopic measurements car- 
ried out by satellites in the past decade, including ASCA, 
ROSAT, Beppo-SAX, Chandra, and XMM-Newton, mea- 
surements of the electron energies of the lobes and the 



magnetic fields of a new level of precision have been 
achieved, in cooperation with measurements made using 
radio interferometers (e.g., Brunetti et al. 2001; Isobe et 
al. 2002; Isobe et al. 2005 hereafter 105; Hardcastle et al. 
2002; Grandi et al. 2003; Comastri et al. 2003; Croston et 
al. 2004). 

The derived electron energy densities often exceeded 
those of the magnetic fields by a factor of a few to sev- 
eral dozen in a number of the observed radio lobe objects 
(e.g. Isobe et al. 2002; 105; Croston et al. 2005). However, 
we note that there is still room for argument against this 
observational claim. These evaluations are based on an- 
other assumption that the synchrotron and IC emissions 
are generated by relativistic electrons with a power law 
shaped energy spectrum; however, the validity of this law 
has not been strictly proven yet. In the case of typical 
radio lobes, the radio synchrotron radiation is generated 
by electrons with 7 ~ (1 — 6) x 10 4 , whereas the observed 
IC X-rays in the range of 1 - 10 keV are generated by 
electrons with 7 ~ (1 — 3) x 10 3 . In this regard, we need to 
examine the electron energy distribution in the range of 
7 > 3 x 10 3 by observing IC X-rays with energies of over 
10 keV. 

We, therefore, used Suzaku to observe the hard X-ray 
extension of IC X-rays with energies of up to 20 keV 
to cover this observational gap. We expected to ob- 
serve that the electrons producing the ~ 20 keV IC X- 
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rays, would also be responsible for generating sub-lOOMHz 
synchrotron radio radiation. Suzaku, which is equipped 
not only with a high-throughput X-ray telescope (XRT; 
Scrlcmitsos et al. 2006) and CCD cameras (XISs; Koyama 
et al. 2007) but also with the most sensitive hard X- 
ray spectrometer (HXD; Takahashi et al. 2007) currently 
available, is one of the most suitable instruments for the 
purpose of measuring the spectrum over 10 keV, the re- 
gion corresponding to the electrons. 

The structure of this paper is as follows. We de- 
scribe the Suzaku observation and the results in § 2 and 
§ 3. Following the presentation of the results, we evalu- 
ate the newly obtained X-ray spectra from the viewpoint 
of a multiwavelength spectrum and derive the physical 
quantities with respect to the lobe field in § 4. Finally, 
we summarize these results in the last section. In the 
Appendix, we present our analysis and results previ- 
ously obtained by XMM-Newton in order to evaluate con- 
taminant point sources in the West radio lobe region. 
Throughout the present paper, we assume the distance 
to Fornax A to be 18.6 Mpc (Madore et al. 1999), on 
the basis of measurements made by the Hubble Space 
Telescope of Cepheid variables in NGC 1365, a galaxy 
that, along with Fornax A, belongs to the Fornax Cluster. 
This distance gives an angle-to-physical size conversion 
ratio of 5.41 kpc arcmin -1 and a red shift of the rest 
frame .3 rcst = 0.00465, while the measured red shift, includ- 
ing the proper motion, is reported to be z Q b s = 0.005871 
(Longhetti et al. 1998). 

2. Observations and data reduction 

Suzaku observations of the Fornax A West lobe were 
performed between 2005 December 23 20:51 UT and 
December 26 14:40 as part of the guest observation phase- 
1 of Suzaku (Mitsuda et al. 2007) (table 1). Suzaku op- 
erated three sets of X-ray telescopes (Serlemitsos et al. 
2006), each coupled to a focal-plane X-ray CCD camera 
known as an X-ray imaging spectrometer (XIS ; Koyama 
et al. 2007) covering the energy range of 0.2 - 12 keV. Two 
(XIS0 and XIS3) of the XIS sensors use front-illuminated 
(FI) CCDs, while XIS1 utilizes a back-illuminated (BI) 
one, thus achieving an improved soft X-ray response. 
The hard X-ray detector (HXD; Takahashi et al. 2007; 
Kokubun et al. 2007) covers the 10 - 70 keV energy band 
with Si PIN photo-diodes (HXD-PIN), and the 50 - 600 
keV range with GSO scintillation counters (HXD-GSO). 
The HXD-PIN covers the energy band that is crucial to 
the evaluation of the electron energy distribution men- 
tioned in § 1. Since the optical axes of the XIS and the 
HXD are slightly offset (~ 3'), we placed the lobe center 
at the center of the field of view of the HXD. Since the 
field of view of the HXD is so wide that it covers the host 
galaxy in the same field of view, we also performed offset 
observation pointing at the host galaxy at the aim point 
of XIS in order to evaluate the X-ray contamination from 
the host galaxy and the non- X-ray background (NXB) (ta- 
ble 1). The HXD and XIS were operated in nominal mode 
throughout the observations. 



The data retrieved from XIS were prepared with 
Processing Version 2.0.6.13, and reprocessed with the lat- 
est calibration database using the HEAdas 6.4.1 software 
package. We employed only the time regions whose ge- 
omagnetic cutoff rigidity (COR) was greater than 6 GV 
and removed data that suffered from telemetry satura- 
tion. The XIS data was further screened using the fol- 
lowing standard criteria: the XIS GRADE should be 0, 2, 
3, 4, or 6, the time interval after the exit from the South 
Atlantic Anomaly should be longer than 436 s, and the 
object should be at least 5° and 20° above the dark and 
sunlit Earth rim. The HXD data was also screened using 
the following standard criteria: the time interval after the 
exit from the South Atlantic Anomaly should be longer 
than 500 s; and the object should be at least 5° above 
both the dark and the sunlit Earth rim. 

3. Data Analysis and Results 

3.1. Point source and diffuse background reduction of 
XIS data 

We show a combined raw image obtained from the XISs 
in figure 1, for the fields of view. As indicated in figure 1, 
the entire XIS field of view of 18' x 18' is covered with the 
extended emission. As previously reported by T01, the 
lobe X-ray emission extends up to 12' in radius, which 
fills the entire radio lobe region. In the following analy- 
sis, we set the circle data acquisition region with a radius 
of 7. '25, as indicated by a circle in figure 1. We con- 
firmed that there was no significant time variation in the 
resultant lightcurve from the data acquisition region after 
performance of the data reduction procedures mentioned 
in § 2. 

The XIS spectra obtained from the circular region 
were inevitably contaminated by both diffuse backgrounds 
(CXB and NXB) and point sources. Since the entire field 
of view was covered with the source emission, we were un- 
able to obtain a source-free region in the observed data. 
The NXB spectrum of each XIS was created using a NXB 
database for the same region defined by the detector co- 
ordinates (DETX/Y). The database, supplied by the XIS 
team, is sorted by COR with a tool supplied by the XIS 
team (xisnxbgen) in order to allow us to produce the 
model NXB at the same COR distribution. By means of 
this sorting process, the reproducibility of the NXB spec- 
trum is improved to < 4 % (Tawa et al. 2008). We also 
reproduced the CXB according to Kushino et al. (2002). 
The point source spectra we evaluated by utilizing XMM- 
Newton data as described in the Appendix. We thus esti- 
mated the contaminant sources, and subtracted the best 
fit model from the observed spectra; investigation of this 
is described in detail in § 3.3. 

3. 2. Background reduction of HXD data 

The evaluated point source spectrum is too soft to 
have an effect on the hard X-ray spectrum. Therefore 
diffuse background subtraction is the key in the HXD 
data reduction procedure. Here we employed model back- 
grounds of NXB and CXB for the HXD data. The 
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Table 1. Observation log 
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Aim point (J2000) 


Start Date 


Obs. ID 


t t 


R.A. Dec. 






(ks) 


host galaxy* 3 h 22 m 42f79 37°12'29"88 


2006-12-22 


801015010 


42.9 


West lobe 3 h 21 m 28?10 37°7'38."08 


2006-12-25 


801014010 


86.8 



t; Net exposure time. 

*: Observation of the host galaxy is used only for background evaluation in the present paper. 
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Fig. 1. The summed raw X-ray image obtained by XIS 0, 1, 
and 3 is shown in gray scale. The radio image is shown with 
overlaid contours. The FWHM of the field of view of the 
HXD/PIN is shown as a solid square. The white circle rep- 
resents the XIS spectrum integration region (see text). The 
radio image was taken from Fomalont et al. (1989). 

model background for the NXB was calculated as simu- 
lated photon data, whose model parameters were contin- 
uously tuned using the Earth occultation data (Fukazawa 
et al. 2009). Before adopting the model background - 
called "tuned-" NXB, we evaluated the count rate repro- 
ducibility of tuned-NXB by comparing it with those of the 
Earth occultation data for during our observation. Using 
Xselect, we extracted the lightcurve from the time re- 
gion for which the field of view of the HXD /PIN was fully 
covered by the Earth (ELV < - 5 deg) from the obser- 
vation data and the tuned-NXB, to allow comparison of 
the "lightcurves" of the NXB. The count rate ratio in the 
15 - 40 keV region, where (observed data)/(model NXB) 
= 0.982 ± 0.012, is nearly equal to unity, although the 
discrepancy corresponds to within 2a of the model repro- 
ducibility (Fukazawa et al. 2009). 

As a reference, we rescaled the model NXB by a factor 
of 0.982 and subtracted it from the spectrum in order to 
compare it with the model CXB in figure 2. According to 
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Fig. 2. HXD/PIN spectrum after rescaled model NXB sub- 
traction. The residual data points (crosses) exceed those in 
the model CXB (histogram) significantly in the range of 10 
to 20 keV 

Bolt (1987), here we adopted a fixed CXB component for 
the HXD/PIN spectrum described with: 



.05 X 10 3 ) ( E ) 
VlkcV/ 



The figure shows that the intensity of the PIN spectrum 
from the West lobe region significantly exceeds the ex- 
pected CXB spectrum. In the 12 - 25 keV band, both the 
rescaled NXB spectrum and the CXB model subtracted 
spectrum exhibit (1.41 ±0.22) x 10~ 2 count s _1 with the 
significance level of 6.43cr. Even if we adopt the nomi- 
nal tuned-NXB as the most conservative case, the back- 
ground subtracted spectrum exhibits (0.75 ±0.22) x 10~ 2 
count s" 1 with a significance level of 3.38o\ 

In order to check the consistency of the data, we exam- 
ined the consistency of the background estimation and ex- 
tension of the West lobe emission, using the offset observa- 
tion data. Although the offset observation was directed at 
the host galaxy, the field of view still covered a part of the 
lobe emission, at a fraction of the full effective area (see 
figure 1). Assuming that the lobe emission extends over 
12' in radius (T01), we calculated the effective area for 
the West lobe from the lobe observation attitude (Ai t, e ) 
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and the offset (host galaxy) observation attitude (A s). 
The ratio of these effective areas was thus evaluated to be 
AobcA4 fr = 1-41. If the West lobe is the dominant source 
for the HXD, the background-subtracted count rates of 

(A) (lobe emission) - (model NXB + CXB) and that of 

(B) (lobe emission) — (host galaxy data) are expected to 
be proportional to the respective effective areas, A a g and 
Ai be, since no or very weak hard X-ray emission from the 
host galaxy has been repeatedly reported by Kaneda et al. 
(1995), Iyomoto et al. (1998), T01, and Kim & Fabbiano 
2003. In fact, we confirmed that the ratio of (A)/ (B) 
= 1.02 ± 0.26^0 oo is consistent with the effective area ra- 
tio as calculated above, where the former and the latter 
errors represent the statistical and the systematic errors 
between the tuned and rescaled NXB models. 

3.3. Wide-band X-ray spectra from XIS and HXD 

We obtained the background-subtracted spectra from 
the XISs and HXD as shown in figure 3. We employed 
the response matrices for the XIS calculated for an inte- 
gration circle of 7'. 25 radius, using xisrmf . The XIS arf 
(ancillary response file) was simulated with xissimarf gen 
(Ishisaki et al. 2007), assuming the West lobe had a 
flat rightness distribution with a radius of 12' (T01)" 
As for the HXD/PIN, we employed the response ma- 
trices ae_hxd_pinhxnome3_20080129 . rsp generated with 
arf, assuming the same diffuse emission. Before evaluating 
the hard X-rays emitted from the West lobe as detected by 
HXD/PIN, we examined two thin thermal plasma emis- 
sion components (T01; 105) in the XIS spectra and found 
an unacceptable fit with x 2 /d.o.f = 362 / 109. As can 
be seen in the middle panel of figure 3, the XIS spectrum 
requires an additional hard component. 

Then, we added a power law model for the expected 
non-thermal component to perform an XIS-HXD/PIN 
joint spectrum fitting. The derived best fit parameters are 
summarized in middle column of table 2. The additional 
power law successfully fit the 0.5 — 20 keV spectrum with 
the energy index of 0.81 ± 0.22, which is consistent with 
that measured in the radio band (a = 0.68 ±0.10; 105). 

Finally, we introduced the spectral slop determined by 
radio observation, and evaluated the XIS-HXD/PIN spec- 
trum. The results are shown in the top and bottom panels 
of figure 3, and the derived best fit parameters are sum- 
marized in the right column of table 2 Thus, we obtained 
the best fit X-ray flux density at 1 keV of 0.12 ±0.01 nJy, 
with an energy index of 0.68 (fixed), and confirmed that 
the newly obtained fitting parameters are consistent with 
those presented in previous reports (Kaneda et al. 1995; 
T01) Note that we showed only the nominal tuned-NXB 
subtracted HXD/PIN spectrum above as the most con- 
servative case. However we also confirmed that there was 
no significant difference in the obtained best fit parame- 
ters whether we employed the nominal or rescaled NXB 
(§ 3.2). 





fjjl 


ft 


t ■ 

33) 


i 






\ 


t 





0.5 1 2 5 10 20 

Energy (keV) 



Fig. 3. Joint X-ray spectra from XIS-FI (from the XIS-1; in 
red), XIS-BI (from the XIS-0 and 3 summed; in black), and 
HXD-PIN (in green). The employed models comprise two 
thin thermal plasma emissions (thin dotted lines in red and 
black), a power law component for the lobe emission (dashed 
lines), and the CXB model for the HXD (thin dotted line in 
green), which are shown in the total model spectra with solid 
lines. The middle and bottom panel show residuals of XIS 
data for the two thermal emission models only and residu- 
als of both XIS and HXD data for the total model including 
the additional power law component, respectively. The mod- 
els and the obtained best fit parameters are summarized in 
table 2 

4. Discussion 

We succeeded in observing non-thermal X-rays from the 
Fornax A West lobe with the HXD/PIN instrument on- 
board Suzaku. Having assumed a hard X-ray emission 
extending over the lobe with a radius of 12', we confirmed 
that the measured hard X-ray spectral slope and flux are 
in good agreement with the extrapolation of the diffuse 
non-thermal component observed with XIS below 10 keV. 
The non-thermal X-rays can be described sufficiently well 
by a single power law model over the entire range from 
0.5 up to 16 keV (with the nominal NXB) or to 20 (with 
the rescaled NXB) keV, and the spectral slope is consis- 
tent with that observed in the radio spectrum. Employing 
the derived power law component for the diffuse hard X- 
rays, we plotted the spectral energy distribution (SED) 
together with the radio spectra in figure 4. 

An X-ray spectrum following a single power law dis- 
tribution, which does not smoothly connect to the syn- 
chrotron component, requires another origin. The IC pro- 
cess is the most promising origin for the observed hard 
X-rays reported so far. Taking the size of and the dis- 
tance from the host galaxy into account, we found that 
the photon energy density of the CMB at the source rest 
frame (4.3 x 10~ 13 erg cm -3 ) exceeds both emissions from 
the host galaxy emission (~ a few xl0 _15 erg cm -3 ) and 
synchrotron emission from the lobe (~ 6 x 10 _17 erg cm -3 ) 
by two orders of magnitude (e.g. Dale et al. 2007 and ref- 
erences in the caption of figure 4). 

In accordance with Harris & Grindlay (1979), we 
derived the estimated energy density of the electrons 
and the magnetic field energy density to be u c = 
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Table 2. Summary of spectral fitting 
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m /~\ r\ i"< 1 


T"V"1 /~* !"1 /"^ 1 1 1 T 


(a) Column density (cm ^) 


z.ud x iu ^nx j 




(bj /ci (kc V J 


n 1 Q7+ 0017 

U - 1J ' -0.014 




(\ \ AT 1 1 * J_ / — 2 \ 

(b) Number density (cm -) 


0.001 (fix) 




f-l \ A 1 1 /IN 

(b) Abundance (solar) 


0.3 (fix) 




( b) Keel slnit 


U.UUoo I 1 (nx) 




(b) Normalization 


(1.35 ± 0.02) x 10 ° 




\L ) fvl ^KC V J 






(c) Number density (cm~ 3 ) 


0.002 (fix) 




(c) Abundance (solar) 


0.3 (fix) 




(c) Red shift 


0.005871 (fix) 




(c) Normalization 


(7.9 ±0.7) x 10~ 4 




(d) Flux density (nJy at 1 keV) 


0.13 ±0.03 


0.12±0.01 


(d) Energy index (a) 
X 2 / d.o.f. 


0.81 ±0.22 


0.68 (fix) 


138/116 


139/117 



jf : Model components for XIS spectrum; (a) Galactic absorption x (b) + (c) thin thermal plasma emissions from 
IGM (MEKAL) + (d) power law (lobe emission; energy index is a free parameter); HXD spectrum; (d) power law 
(simultaneously fit with XIS spectra) + CXB (fixed: see text). 

*: The same model as model I is employed but the energy index is fixed to the value measured in the radio band. 
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Fig. 4. (A) Spectral energy distribution from the West lobe 
(squares), East lobe (smaller diamonds with crosses), and to- 
tal (larger diamonds). Derived models for the synchrotron 
emission (dashed line) and the CMB-boosted IC emissions 
(solid line) are shown with lines (see text). The 29.9 and 100 
MHz data points are taken from Finlay & Jones (1973), the 
408 MHz data points from Robertson (1973), the 843 MHz 
data points from Jones & McAdam (1992), the 1.4 GHz data 
points from Ekers et al. (1983), the 2.7 GHz data points from 
Ekers (1969), Shimmins (1979) and Kiihr et al. (1981), and 
the 5.0 GHz data point from Kiihr et al. (1981). 

(5.1 ± 1.0) x 10" 13 erg cm" 3 and u m = (0.67 ± O.OS)^ 1 x 
10 _13 erg cm -3 , respectively, where r\ is the filling fac- 
tor of magnetic field against the electron spatial distri- 
bution. Here, we assumed an electron Lorentz factor of 
7 = 300 — 90000, as we describe below, and included the 
systematic errors arising from the ambiguity of the re- 
ported radio flux and slope according to § 4 in 105. Note 
that the difference in brightness profiles between radio 
and X-rays is discussed with ASCA (T01). The displace- 
ment is thought to originate from partial displacement 
between the magnetic field and the electron distribution. 



T01 examined it and showed the magnetic field filling fac- 
tor could be r) — 0.95 or less, with the electrons filling the 
entire volume homogeneously. 

Adopting the above values, we calculated the CMB 
boosted IC spectrum and plotted the results in the ob- 
tained SED in figure 4. Here, we assumed an electron 
differential energy spectrum with a single power law dis- 
tribution of 

A 7 = 2.0 x 10~ 6 7~ 2 ' 36 electrons cm" 3 , 

Here, we employed the lower boundary electron energy 
distribution of 7 = 300 to describe the lower energy end 
of the detected X-rays, although we have no evidence of 
a lower energy cutoff of the electron energy distribution. 
Similarly, we set the upper boundary of 7 = 90000 in ac- 
cordance with the higher end of the radio observation of 
the total lobe observations. The calculation program was 
written to use the SSC equations presented in Kataoka 
(2000), to which we added the CMB/IC spectrum, and 
it can be seen that it provides a good description of the 
obtained multiwavelength data. 

The electron Lorentz factor of 7 = 300 - 4000 (or 4500) 
is required by the CMB/IC X-ray spectrum in the range 
of 0.5 - 16 (or 20) keV, where we employed the nominal 
(or rescaled) NXB model for the HXD/PIN. At the same 
time, adopting the derived magnetic field, the observed 
synchrotron radiation spectrum requires a Lorentz factor 
of 7 > 4200. Thus, we conclude that a single electron en- 
ergy distribution can naturally explain the two indepen- 
dent measurements in radio and X-ray bands. The derived 
parameters are summarized in table 3. We also note that 
the derived electron and magnetic field energy densities 
are not only consistent with those determined in previous 
reports (T01) but are also in very good agreement with 
those determined for the East lobe (105). 
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Table 3. Derived physical quantities 



West Lobe East Lobe 1 * 



unit 



(1) B cq 


1.59 


1.55 






(2) Sic 


1.3 ±0.1 


i 9 o+0.08 
i - zo -0.06 






(3) u m 


0.67 ±0.08 


60+ 08 
u - ou -0.06 


io- 


13 erg cm -3 


(4) u c 


5.0 ±1.0 


5 0+ 1 ' 1 

°- u -1.0 


io- 


° erg cm ° 


u e /u m 


7.5 ±0.6 


5 0+ 1 - 1 

°- u -1.0 







T; Taken from 105 for reference. 

(1) Estimated magnetic field assuming electron-magnetic 
field energy equipartition. 

(2) — (4) Magnetic field strength, magnetic field energy 
density, and electron energy density as derived from the 
observed CMB/IC X-rays and the synchrotron radio 
waves, respectively (see the text). 

5. Summary 

Using Suzaku/HXD, we succeeded in detecting X-ray 
photons with energies up to 16 - 20 keV from the West 
lobe of Fornax A. A single power law provides a good 
description of the obtained 0.5 - 20 keV spectrum. The 
obtained properties of the single-component non-thermal 
emissions in the X-ray and radio bands strongly sup- 
port the hypothesis that the IC X-rays are generated by 
electrons generating a synchrotron radio emission whose 
Lorcntz factor ranges between 300 and 90000. Although 
we assumed that the hard X-ray brightness profile was 
the same as that observed with ASCA in the 1-10 keV 
range, the validity of this assumption still needs be con- 
firmed from additional HXD mapping or hard X-ray imag- 
ing with next-generation satellites. 

The authors thank the Suzaku team for their great ef- 
forts in the observations and the calibration procedures. 
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Point source detection with XMM- 



XMM-Newton Data Reduction 

We examined the XMM-Newton data in order to eval- 
uate possible contaminant point sources within the lobe. 
The observation (observation ID = 0302780101) was per- 
formed on August 11, 2005, although the field of view 
of this observation did not cover the entire data acqui- 
sition region adopted for the XIS (figure 1). We em- 
ployed Science Analysis System (SAS) version 7.1.2 to 
reduce the volume of data. All the data were repro- 
cessed by emchain or epchain on the basis of Current 
Calibration Files (CCFs), the latest version of which were 
created at the beginning of April 2007. We removed high- 
background periods with PATTERN == and #XMMEA_EM/P 
in 10 - 15 keV, utilizing a point-source-removed lightcurve 
(Read & Ponman 2003). We thus obtained good expo- 
sures of 74.7, 80.7 and 51.3 ks, for MOS1, MOS2 and PN, 
respectively. The obtained X-ray image is shown in fig- 
ure 5. For the spectral analysis, we selected MOS events 
with PATTERN < 12, #XMMEA_EM and FLAG = 0, and PN 
ones with PATTERN < 4, #XMMEA_EP and FLAG = 0. 
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Fig. 5. The X-ray image obtained by XMM-Newton MOS1 
in grayscale is shown with the XIS spectrum integration re- 
gion indicated by a solid circle (figure 1). The evaluated point 
source positions are marked "sre 1 - 12" . 

X-ray spectra of contaminating sources 

We found twelve point sources within the XIS data ac- 
quisition circle. We accumulated counts of photons that 
fell within 36" from the center of each point source po- 
sition and subtracted background accumulated from each 
concentric ring region with the inner and outer radii of 72" 
and 180", respectively. Response files for each spectrum, 
rmf and arf were generated with rmfgen and arfgen. In 
this spectral analysis, we used summed spectra obtained 
with MOS1 and MOS2 for all but two cases. Since the 
source 3 fell out of MOS1, we employed PN + MOS2 for 
this source. We used only PN for source 6 for the limited 
statistics of the MOS1 and MOS2 data. All spectra except 
that of source 2 were well described with the power law 
model; source 2 required an additional power law model. 
The employed model and derived best fit parameters are 
summarized in table 4. Each point source, exhibiting 0.5 
- 10 keV flux of (0.5-3.2) x 10~ 14 erg s^cm" 2 , very faint 
in comparison with the total lobe flux (§ 3.3). 

Contribution to the XIS spectra 

We estimated the contribution of the twelve point 
sources to the XIS lobe spectrum integration region (§ 3.1) 
using the following procedures. First, we generated XIS 
arfs for each point source using xissimarf gen with the 
XIS integration radius of 7/25, as we employed in § 3.3. 
Then we simulated each point source spectrum, adopting 
the best fit parameters described above with the integra- 
tion time of the XIS observation. Finally, we added the 
simulated twelve spectra, as shown in figure 6 for com- 
parison with the NXB-subtracted XIS lobe spectrum. We 
can see that the XIS spectrum, containing the West lobe 
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Table 4. Summary of XMM-Newton spectra of contaminating point sources 
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Fig. 6. Total X-ray spectrum of contaminant point sources 
evaluated with XMM-Newton data. The model and best fit 
parameters for each point source are summarized in table 4. 
The NXB subtracted lobe spectrum obtained with XIS-1 is 
also presented in gray for reference. 

emission and CXB, exceeds the total of the twelve point 
source spectra by an order of magnitude. Since the XMM- 
Newton field of view covers about a half of the XIS inte- 
gration region, we might have underestimated the con- 
tamination by a factor of a few. However, the evaluated 
point sources were so soft and the summed flux was so 
small that it is not likely to have affected the hard X-ray 
emission from the West lobe significantly. 
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